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Introduction {#sec1}
============

β2-Microglobulin (β2m), which contains only one basic immunoglobulin superfamily C1-set fold (i.e., IgSF-C1), has been found in the adaptive immune system (AIS) of jawed vertebrates ([@bib7]). The immunological function of β2m is to assist classical major histocompatibility complex (MHC) class I (i.e., MHC-I) molecules in assembling endogenous antigen peptides, forming a trimolecular complex (i.e., pMHC-I) and then presenting them to the surface of antigen-presenting cells (APCs); through interaction with T cell receptors (TCRs), specific cytotoxic T lymphocyte (CTL) immunity is thus induced ([@bib11]). In addition to classical MHC-I molecules, β2m can also associate with nonclassical MHC-I molecules, such as the CD1 molecule and the α chain of the Fc receptor for IgG, playing important biological roles in the AIS ([@bib36]). Existing knowledge indicates that some cold-blooded vertebrates, such as fishes, amphibians, and reptiles, and warm-blooded vertebrates, such as birds and mammals, have only one β2m locus in their genomes ([@bib18], [@bib24]), although there are exceptions ([@bib28]). In addition, the β2m alleles expressed by the one locus have no polymorphism and play equal immunological roles, as mentioned above. Thus far, in the immune system of jawed vertebrates, the invariable β2m and polymorphic MHC-I molecules form a very clear coevolutionary relationship; when a lack or knockout of the β2m gene occurs, the CTL immune response becomes invalid ([@bib22]). In addition, a large amount of β2m molecule release from pMHC-I complexes will also lead to a variety of serious diseases ([@bib41]).

It is generally believed that the β2m association with MHC-I molecules initially arose in primary jawed vertebrates and is encoded by a single locus outside of the MHC region in almost all species ([@bib13], [@bib31]). In only one exception, β2m was found to be linked to the primordial MHC region in a cartilaginous fish ([@bib28]). In most higher vertebrates, individuals possess multiple MHC-I loci with high polymorphism, but only one invariant β2m gene is encoded by a single locus, which is distant from the MHC region ([@bib17], [@bib32], [@bib33]). Only a limited allelic polymorphism of the single β2m locus has been found among different mouse individuals ([@bib12], [@bib31]). However, in cold-blooded vertebrates, such as fish, their MHC-I genes are more complicated, with high levels of recombination and gene conversion, and the accumulation of whole-genome sequences has led to delineation of multiple MHC-I lineages ([@bib10], [@bib15], [@bib14]).The majority of studies about fish β2ms mainly focused on the molecular level; however, limited functional explorations were reported based on viral infection model in fish ([@bib4], [@bib34]). A general knowledge is that the number of β2m loci varies a lot between fish species. For example, rainbow trout has at least three, one of which is presumed to be a pseudogene, but there are many others in the trout genome ([@bib27], [@bib35]). There is only one copy in the walleye genome ([@bib8]) and one copy in tilapia but two in carp ([@bib9]; [@bib29]). Interestingly, two striking features were found in bony fish β2m genes, compared with those of other species: first, they exhibit multiple copy numbers and polymorphisms, which are correlated with ploidy levels ([@bib9], [@bib16], [@bib26]). Notably, the β2m genes of rainbow trout are a special case that does not conform to the mammalian paradigm; ten of twelve randomly selected β2m cDNA clones from an individual fish were found to show different nucleotide sequences, and fragment length polymorphism patterns suggested that multiple β2m genes exist in the genome ([@bib35]). In addition to the known β2m, a second type of β2m molecule has been found in marine fish ([@bib21]). Genome-wide scans of high-quality genome assemblies from deep sequencing have confirmed the presence of some genes annotated as β2m in Cyprinidae fishes, such as the grass carp (*Ctenopharyngodon idella*), suggesting the existence of a second β2m locus, i.e., two loci exist in its genome ([@bib47], [@bib39]). Furthermore, the sequence similarity between the two loci is low ([@bib21]). However, it is unclear how this diverse and polymorphic β2m collaborates with MHC-I molecules to present peptide antigens.

A turning point is that we first clarified the grass carp pMHC-I structure (i.e., pCtid-UAA) ([@bib5]). The structural mechanism of presenting antigen peptides via bony fish β2m and MHC-I complexes has been analyzed. The function of β2m includes noncovalent binding to MHC-I, which stabilizes the three-dimensional (3D) structure of the pMHC-I complex ([@bib23]), assisting in T cell activation and CTL immunity ([@bib19]). On this basis, we are interested in the function of the two β2m loci, especially the second β2m locus, which is a very rare phenomenon in immunology that may exhibit novel characteristics. How do the products of the two β2m loci, whose amino acid sequence difference is so direct, present antigen peptides? This special scientific question in cold-blooded vertebrates has great value.

In this study, the grass carp Ctid-β2m genes from the two loci were cloned, classified, and expressed. The already known locus Ctid-β2m (i.e., Ctid-β2m-1) is polymorphic and can be divided into two subgroups, Ctid-β2m-1-I and Ctid-β2m-1-II. The second type of Ctid-β2m (i.e., Ctid-β2m-2) was also identified in the carp genome and cDNA. The expression levels of the two types of Ctid-β2ms were highly similar across most tissues from normal individuals. Moreover, Ctid-β2m-2, Ctid-UAA, and an epitope peptide were assembled into a pMHC-I complex similar to that of Ctid-β2m-1 ([@bib5]). The peptide-binding profiles of the three pMHC-I complexes were determined by mass spectrometry. The crystal structures of pCtid-UAA-β2m-2 and pCtid-UAA-β2m-1-II binding to the same peptide were solved. Upon comparing the two types of pCtid-UAA-β2m structures, we found that Ctid-β2m-1 and Ctid-β2m-2 interacted with MHC-I/Ctid-UAA in different ways, resulting in two kinds of peptide-binding grooves (PBGs) while also presenting the same peptide in different conformations. According to these results, both the Ctid-β2m-1 and Ctid-β2m-2 genes are able to participate in the assembly of pMHC-I complexes, and the mechanism of the change in peptide presentation profiles by β2m molecules was illustrated. The results also implied that artificial alteration of the β2m sequence can change its peptide-binding profile, which is of great significance in the study of antivirus, antitumor functions in mammals.

Results {#sec2}
=======

Two Branches of β2ms from Two Loci Are Broadly Expressed in Various Tissues {#sec2.1}
---------------------------------------------------------------------------

The alleles of Ctid-β2m-2 and the previously identified Ctid-β2m-1 (-I and -II) genes ([@bib3], [@bib38]) were located in two separate regions on the carp genome (scaffold CI01000020). The gene organization of Ctid-β2m-1 and Ctid-β2m-2 comprised three coding exons and two introns within a 1.048- and 1.33-kb genomic fragment, respectively ([Figure 1](#fig1){ref-type="fig"}A); both genomic structures of exons and introns were fundamentally similar. A pair of specific primers was designed to amplify the Ctid-β2m-2 gene from the carp cDNA ([@bib16]). A 354-bp gene fragment was obtained. To determine whether the two types of Ctid-β2m genes had tissue-specific expression, RNAs from different grass carp tissues were collected and the expression levels were measured with a real-time RT-PCR assay. The expression levels of the two types of Ctid-β2m genes showed no significant differences among tissues ([Figure 1](#fig1){ref-type="fig"}B), and both types were broadly expressed in grass carp tissues.Figure 1Systematic Analysis of Grass Carp β2ms(A) Genomic structures of grass carp β2m genes (Ctid-β2m-2 and Ctid-β2m-1). The two types of Ctid-β2ms are located on the grass carp genome scaffold CI01000020. The loci consist of three coding exons of the same size and two introns of different sizes.(B) mRNA expression levels of the two types of Ctid-β2ms in different tissues (kidney, skin, liver, spleen, heart, intestine, and gill) of the grass carp. The values are expressed as the means ± SEMs.(C) A phylogenetic tree based on the amino acid sequences of the alleles of the two types of Ctid-β2ms from 11 fish was constructed using the neighbor-joining method.(D) Two Ctid-β2m-1-I/II alleles and a conserved Ctid-β2m-2 can be cloned from diploid grass carp. Nine new Ctid-β2m-1 alleles were identified from 11 grass carp individuals ([Table S1](#mmc1){ref-type="supplementary-material"}). Alignment of amino acid sequences of the two types of Ctid-β2ms from 11 grass carp individuals. The sequence similarity between Ctid-β2m-1-I and Ctid-β2m-1-II is approximately 94%, and the sequence similarity between Ctid-β2m-1-I and Ctid-β2m-2 is approximately 58%. The discrepant acidic amino acids and basic amino acids are indicated with red and blue, respectively, and the others are shaded in green. Specific notable sequences (i.e., RKDNT) are shaded in yellow in Ctid-β2m-1-II.

To assess the polymorphism of the two Ctid-β2m loci, primers were designed based on the two Ctid-β2m gene sequences to amplify different alleles from cDNAs. Their individual and corresponding gene sequence information are listed in [Table S1](#mmc1){ref-type="supplementary-material"}. In contrast, the cloned Ctid-β2m-2 sequences from 11 outbred grass carps were identical, which indicated that the Ctid-β2m-2 gene is highly conserved in different individuals. In contrast, each diploid grass carp individual had two different Ctid-β2m-1 alleles, and 9 new alleles were cloned from 11 individuals, suggesting that Ctid-β2m-1 genes are highly polymorphic in different individuals. Phylogenetic analysis of the two Ctid-β2m genes showed that the obtained Ctid-β2m-1 and Ctid-β2m-2 sequences clustered into two branches ([Figure 1](#fig1){ref-type="fig"}C) and that the Ctid-β2m-1 alleles were further divided into two subgroups (-I and -II), consistent with our previous report ([@bib16]). An alignment of the full-length amino acid sequences of the two Ctid-β2ms from 11 individuals is shown ([Figure 1](#fig1){ref-type="fig"}D). The Ctid-β2m-1-I/II showed high sequence similarity of greater than 92%; the variable amino acid sites were located at positions 48, 63, 66, and 67. Notably, a cluster of conserved amino acid sites (i.e., RKDNT) was found in Ctid-β2m-1-II. In contrast, Ctid-β2m-2 had only low sequence similarity with Ctid-β2m-1 (approximately 57.8%).

The Two Kinds of β2ms Participate in pMHC-I Complexes and Show Different Peptide-Binding Profiles {#sec2.2}
-------------------------------------------------------------------------------------------------

A random nonapeptide library *in vitro* binding assay was performed to confirm the antigen-presenting functions for each Ctid-β2m. With random nonapeptides, both Ctid-β2ms could assemble into a pMHC-I structure ([Figures 2](#fig2){ref-type="fig"}A and 2B). Subsequently, the bound random nonapeptides were analyzed for the two types of pCtid-UAA-β2m complexes ([Table S2](#mmc2){ref-type="supplementary-material"}). The peptide-binding profiles for the pCtid-UAA-β2m-1-I and pCtid-UAA-β2m-1-II complexes were mostly consistent, and the motif from the peptide (i.e., CP3) matched well with both profiles ([Figure 2](#fig2){ref-type="fig"}C). Furthermore, our previous report showed that the D pocket of pCtid-UAA-β2m-1-I was critical for antigen binding, where P3-N was fixed as the primary anchor residue ([@bib5]). In these results, P3-N appeared as the predominant anchor residue on the two pCtid-UAA-β2m-1 complexes ([Figure 2](#fig2){ref-type="fig"}C). Therefore, to a certain extent, this assay was relatively reliable and could reflect this feature of the pCtid-UAA-binding peptides. However, compared with that of pCtid-UAA-β2m-1, the peptide-binding profile of pCtid-UAA-β2m-2 displayed different characteristics: P3-N lost its status as the predominant anchor residue. In addition to changes in P3 residues, the residue preferences of other positions significantly changed ([Figure 2](#fig2){ref-type="fig"}C). The binding peptides were very different from those of the two pCtid-UAA-β2m-1 complexes. These results indicated that the different Ctid-β2ms, i.e., β2m-1 and β2m-2, undoubtedly influenced the peptide-binding profile.Figure 2Random Nonapeptide Library *In Vitro* Binding Assays(A and B) Gel filtration chromatography (GFC) and anion exchange chromatography (AEC) profiles of the refolded products of the two types of Ctid-UAA-β2ms.(C) Sequence logo plots of the binding of amino acid motifs by the two types of Ctid-UAA-β2ms to a random nonapeptide library. Nonapeptide ligands identified with an LC-MS/MS de novo method for the two types of Ctid-UAA-β2ms were analyzed by Seq2Logo 2.1. The Shannon presentation type was used, and the other parameters were set as the default values. The numbers below the axis represent the different nonapeptide positions. The amino acids are shown in different colors according to their chemical properties.

Crystal Structures of the Two Kinds of pMHC-I Complexes {#sec2.3}
-------------------------------------------------------

Ctid-UAA, Ctid-β2m-2, and the peptide CP3 were assembled. After refolding and purification, a trimer complex (i.e., pCtid-UAA-β2m-2) was obtained ([Figures S1](#mmc1){ref-type="supplementary-material"}A and S1B), and the pCtid-UAA-β2m-1-II complex was obtained for Ctid-β2m-1-II ([Figures S1](#mmc1){ref-type="supplementary-material"}C and S1D). To determine the differences between the two kinds of pCtid-UAA-β2m complexes, the structures of the pCtid-UAA-β2m-2 and pCtid-UAA-β2m-1-II complexes bound to the same peptide were determined. The data collection and refinement statistics are shown in [Table 1](#tbl1){ref-type="table"}. Both the pCtid-UAA-β2m-2 and pCtid-UAA-β2m-1-II complexes displayed a canonical pMHC-I structure, in which the peptide CP3 was located in the PBGs formed by the α1 and α2 domains and the α3 domains controlled primarily the binding of the two distinct Ctid-β2ms ([Figure 3](#fig3){ref-type="fig"}A). The pCtid-UAA-β2m-2/1-II complexes were then superimposed on the reported pCtid-UAA-β2m-1-I complex ([@bib5]), and it was clear that the pCtid-UAA-β2m-2 complex had more significant overall structural differences than the pCtid-UAA-β2m-1-II and pCtid-UAA-β2m-1-I complexes; the corresponding root-mean-square deviation (RMSD) values were 0.868 and 0.153, respectively ([Figure 3](#fig3){ref-type="fig"}A).Table 1Data Collection and Refinement Statistics (Molecular Replacement)*Ctid*-UAA-β2m-2 (6LBE)*Ctid*-UAA-β2m-1-II (5H5Z)**Data Collection**Space groupP1C121**Cell dimensions** *a, b, c* (Å)53.19, 65.27, 69.71119.3, 50.6, 90.3 α*, β, γ* (°)64.94, 75.67, 73.6190, 90, 90Resolution (Å)62.46--2.6050.00--1.74*R*merge (%)20.5 (68.4)8.2 (42.3)*I*/*σI*17.86 (2.33)17.5 (3.2)Completeness (%)82.1 (81.8)98.4 (98.3)Redundancy2.3(1.9)4.5 (4.7)**Refinement**Resolution (Å)62.46--2.6050.00--2.10No. reflections20,36427,016*R*~work~/*R*~free~0.169/0.2540.176/0.204**RMS deviations** Bond lengths (Å)0.0120.010 Bond angles (°)1.371.030Average B factor27.6932.85**Ramachandran plot quality** Most favored region (%)96.8997.87 Allowed region (%)3.112.13 Disallowed (%)0.00.0[^3]Figure 3Overall Structures and Comparison of the Two Types of pCtid-UAA-β2ms(A) The overall structures of the pCtid-UAA-β2m-2 and pCtid-UAA-β2m-1-II complexes are shown as cartoons colored cyan and orange, respectively. Both complexes are superimposed onto pCtid-UAA-β2m-1-I, and the overall structure of pCtid-UAA-β2m-1-I is colored white.(B) The monomer structures of Ctid-β2m-2 and Ctid-β2m-1-II are colored cyan and orange, respectively. They show a typical IgSF-C1-type architecture. The β strands are labeled with the letters A to G. The conserved disulfide bonds formed between C24 and C79 are shown as spheres, and the variable amino acid sites of Ctid-β2m-2 and Ctid-β2m-1-II are shown as sticks and labeled. Both Ctid-β2m-2 and Ctid-β2m-1-II are superimposed onto Ctid-β2m-1-I, and the monomer structure of Ctid-β2m-1-I is colored white.(C) Alignment of the amino acid sequences of the two types of Ctid-β2ms. The discrepant amino acids in the two types of Ctid-β2ms are indicated in red. Their different β-strand segments are boxed in the corresponding colors.

Two types of Ctid-β2m-2 and Ctid-β2m-1-II monomer structures were clearly displayed ([Figure 3](#fig3){ref-type="fig"}B). Similar to the known Ctid-β2m-1-I monomer, Ctid-β2m-2 and Ctid-β2m-1-II were composed of 99 and 98 mature residues, respectively; had a seven-stranded β-sandwich fold; and belonged to the typical IgSF-C1 group of molecules. A conserved central disulfide bond bridging the C25 and C80 positions of the B and F strands contributed to overall monomer structural stability. Although Ctid-β2m-2 shared low amino acid similarity with Ctid-β2m-1-I and Ctid-β2m-1-II, it could maintain a topology similar to that of Ctid-β2m-1-I after binding Ctid-UAA. However, some subtle differences could still be found, as supported by the RMSD value (0.469) ([Figure 3](#fig3){ref-type="fig"}B). Unlike those of Ctid-β2m-1, the variable amino acids of Ctid-β2m-2 were distributed throughout the structure and were mainly concentrated in the conformational difference regions, i.e., the CD loop, EF loop, and G strand ([Figure S2](#mmc1){ref-type="supplementary-material"}). In contrast, Ctid-β2m-1-II, as a member of the Ctid-β2m-1 subgroup, shared high sequence similarity with Ctid-β2m-1-I ([Figure 3](#fig3){ref-type="fig"}C) and could essentially maintain a conformation consistent with that of Ctid-β2m-1-I; the RMSD value was 0.157 ([Figure 3](#fig3){ref-type="fig"}B). However, as before, we found a cluster of conserved amino acids (i.e., RKDNT) distributed on the F and G strands that did not contact Ctid-UAA.

Ctid-β2m-1 and Ctid-β2m-2 Utilize Different Ways to Form pMHC-I Complexes {#sec2.4}
-------------------------------------------------------------------------

The main interactions between the two types of Ctid-β2ms and Ctid-UAA were compared and are listed in [Tables S3](#mmc1){ref-type="supplementary-material"} and [S4](#mmc1){ref-type="supplementary-material"}. A total of 24 hydrogen bonds and 12 salt bridges between Ctid-β2m-2 and Ctid-UAA, which is greater than that for the pCtid-UAA-β2m-1-I and UAA-β2m-1-II complexes, were found. The interactions between the two types of Ctid-β2ms and the Ctid-UAA were focused mainly in four areas ([Figures 4](#fig4){ref-type="fig"}A and 4B). As expected, in the pCtid-UAA-β2m-1-II complex, the composition and conformation of the residues involved in the interactions were essentially identical to those in the pCtid-UAA-β2m-1-I complex, except that D34 replaced I35 (see BC loop, Ctid-β2m-1-I) and formed a hydrogen bond with D17 (see AB loop, Ctid-UAA) and two additional hydrogen bonds were formed between S95/M97 (tail loop, Ctid-β2m-1-II) and K188 (α3 tail, Ctid-UAA). In contrast, in the pCtid-UAA-β2m-2 complex, Ctid-β2m-2 and Ctid-UAA adopted a distinct interaction mode in which multiple variable amino acids were involved in the interactions and played a crucial role. In the **a** area, an additional hydrogen bond was formed by D58 (DE loop, Ctid-β2m-2) and Q111 (PBG, Ctid-UAA) in pCtid-β2m-2, which is absent in pCtid-β2m-1-I/II. In the **b** area, no variable amino acids participated in the interaction. However, two additional hydrogen bond networks were formed between H31 in the BC loop of Ctid-β2m-2 and T91 at the bottom of the PBG of pCtid-UAA and between D34 in the BC loop of Ctid-β2m-2 and I16 in the AB loop of Ctid-UAA; furthermore, an additional salt bridge was formed between R83 in the F strand of Ctid-β2m-2 and D17 in the AB loop of Ctid-UAA. In the **c** area, the variable amino acid E58 in the DE loop of Ctid-β2m-2 and Q111 at the bottom of the PBG of pCtid-UAA formed a hydrogen bond, whereas the other interactions were identical to those found in the pCtid-UAA-β2m-1-I complex. In the core **c** area, the variable amino acid R12 in the AB loop of Ctid-β2m-2 initiated an intricate hydrogen bond and salt bridge network (in α3 of pCtid-UAA) that involved seven amino acids, namely, Q183, H197, T199, E230, D231, S233, and Q235. The remaining interactions were consistent with those found in the two pCtid-UAA-β2m-1 complexes. In the **d** area, an additional salt bridge was formed between the variable amino acid D97 (in the tail loop of Ctid-β2m-2) and K188 (in the α3 tail of pCtid-UAA). Furthermore, M98 (in the tail loop of Ctid-β2m-2) also formed an additional hydrogen bond with N273 (in α3 of pCtid-UAA).Figure 4Comparison of the Interactions between the Heavy Chain and the Light Chains in the Two Types of pCtid-UAA-β2ms(A and B) Interactions between the heavy chain (HC) and the light chains (LCs) in pCtid-UAA-β2m-2 and pCtid-UAA-β2m-1-II. In pCtid-UAA-β2m-2, the Ctid-UAA HC is colored pink and the Ctid-β2m-2 LC is colored cyan. In pCtid-UAA-β2m-1-II, the Ctid-UAA HC is colored light green and the Ctid-β2m-2 LC is colored orange. Interactions occur mainly in four areas (a--d). In these areas, the hydrogen bonds and salt bridges in pCtid-UAA-β2m-2 and pCtid-UAA-β2m-1-II are shown as yellow and blue dashed lines, respectively. The labeled interacting residues are shown as sticks and are colored according to the atom types (blue, N; red, O). The specific interacting residue positions that differ from those of pCtid-UAA-β2m-1-I are labeled red in the four areas of pCtid-UAA-β2m-2 and pCtid-UAA-β2m-1-II.

In addition, our previous study showed that the area of the interface between the Ctid-β2m-1-I and the Ctid-UAA was 1744 Å2, which was the largest interface area of all solved pMHC-I structures ([@bib5]). We analyzed the interface areas for the pCtid-UAA-β2m-2 and pCtid-UAA-β2m-1-II complexes and found them to be 1728 and 1746 Å^2^, respectively ([Figure S3](#mmc1){ref-type="supplementary-material"}), which are almost identical to that for the pCtid-UAA-β2m-1-I complex.

The Structural Mechanism of Ctid-β2m Changing the Peptide Presentation Profile {#sec2.5}
------------------------------------------------------------------------------

Despite some of the above-described differences, the key region involved in the interaction between Ctid-β2m and the PBG in pCtid-UAA is shown in [Figure 4](#fig4){ref-type="fig"}. The conserved W60 residue in the DE loop of Ctid-β2ms participated in forming two hydrogen bonds with Q93 and D118 and played a crucial role in maintaining the overall conformational stability of the PBG. However, in the pCtid-UAA-β2m-2 complex, a unique hydrogen bond formed between E58 in the DE loop of Ctid-β2m-2 and Q111 at the bottom of the PBG that skewed the DE loop and led to a corresponding change in the relative position of W60 ([Figure 5](#fig5){ref-type="fig"}A). Furthermore, the shift of W60 led to the α2.1 helix and the surrounding region shifting to the outside ([Figure 5](#fig5){ref-type="fig"}A), which in turn led to structural changes in the entire PBG of pCtid-UAA-β2m-2; accordingly, the changed pockets could accommodate different peptides ([Figure 2](#fig2){ref-type="fig"}C). Upon comparing the conformation of the six pockets of pCtid-UAA-β2m-2 accommodating the peptide, we found that a shift (∼1.2 Å) in the α2.1 helix led to changes in the relative positions of T139, K142, and W143, which constitute the F pocket. In addition, the C pocket of pCtid-UAA-β2m-2 became deeper than those of the two pCtid-UAA-β2m-1 complexes. In the pCtid-UAA-β2m-1 complexes, the side chain of F72 was positioned toward the inner side of the PBG, whereas it was skewed 114.2° toward the outside of the PBG in pCtid-UAA-β2m-2 ([Figure 5](#fig5){ref-type="fig"}B).Figure 5Structural Changes in the PBG and the Different Conformations Caused by the Two Types of Ctid-β2ms(A) Structural changes in the PBG of pCtid-UAA-β2m-2. In the two types of pCtid-UAA-β2m complexes, the regions involved in the structural changes in the PBG are superimposed. A unique hydrogen bond formed between the variable amino acids E58 and Q111 skews the DE loop, and the relative position of W60 correspondingly changes. However, the shaded area, namely, the α2.1 helix and the surrounding region, also shifts to the outside to maintain the overall stability of the PBG.(B) A vertical view of the overlapping PBGs of the two types of pCtid-UAA-β2ms is shown in the cartoon and surface diagrams. In the pCtid-UAA-β2m complexes, a shift (\~1.2 Å) of the α2.1 helix leads to relative position changes in T139, K142, and W143, which constitute the F pocket, and the C pocket deepens. In the boxed diagram, the residues involved in forming the C pocket are shown as sticks in the binding grooves of Ctid-UAA-β2m-2 (pink) and Ctid-UAA-β2m-1-I/II (white/light green).(C) The peptide CP3 conformation in the two types of pCtid-UAA-β2ms. The Ctid-UAA-β2ms are shown in a cartoon model; Ctid-UAA-β2m-2 is shown in pink, Ctid-UAA-β2m-1-II is shown in light green, and Ctid-UAA-β2m-1-I is shown in white. The peptide CP3 is shown in the ribbon model; the peptide CP3 in Ctid-βm-2 is shown in cyan, the peptide CP3 in Ctid-βm-1-II is shown in orange, and the peptide CP3 in Ctid-βm-1-I is shown in light blue.(D) General side chain orientations and the different interface areas of the peptide CP3 presented by the PBG of the two types of Ctid-UAA-β2ms, as viewed in profile from the peptide N terminus to the C terminus. The black arrows indicate the directions in which the residues point: up is toward the T cell receptor, down is toward the floor of the PBG, right is toward the α1 helix domain, and left is toward the α2 helix domain. The pockets accommodating each residue are listed under the corresponding anchors within the PBGs, and the numerical values of the accessible surface area (ASA) of each residue and buried surface area (BSA) of the residues are shown.(E and F) Comparison of the interactions between the peptide CP3 and the residues of the PBG in the two types of Ctid-UAA-β2ms. The hydrogen bonds and salt bridges are shown as yellow dashed lines. The specific residue positions for interactions between the peptide CP3 and the PBG that differ from those of Ctid-UAA-β2m-1-I are labeled red in Ctid-UAA-β2m-2 and Ctid-UAA-β2m-1-II.

The differences in the interactions between the peptide and the PBGs that led to conformational changes are shown in [Figure 5](#fig5){ref-type="fig"}C. Notably, the peptide conformations of the two pCtid-UAA-β2m-1 complexes (-I and -II) were essentially the same. However, the peptide conformation of pCtid-UAA-β2m-2 was significantly different from that of the other two complexes. First, the whole peptide conformation shifted by approximately 2.6 Å at the P4-F position. Second, the orientation of P5-C and P6-L was reversed; the main chain of the peptide turned sharply into the bottom of the PBG at the P5-C position and then rose at P6-L. Moreover, the B factor values of peptide in the two types of pCtid-UAA-β2m complexes were analyzed, and the peptide was elongated in the PBG ([Figure 5](#fig5){ref-type="fig"}D). Therefore, these facts undoubtedly signify changes in their peptide-binding profiles ([Figure 2](#fig2){ref-type="fig"}C). The structural changes in the PBG were consistent with an impact on the interactions between the peptide CP3 and the PBG. In the two types of pCtid-UAA-β2m complexes, the interactions between the peptide CP3 and the PBG were analyzed ([Figure S4](#mmc1){ref-type="supplementary-material"}). In the pCtid-UAA-β2m-2 complex, the loss of a main-chain hydrogen bond formed between P9-I and K142 occurred, which was replaced with an additional side chain hydrogen bond formed between P9-I and R82 ([Figure 5](#fig5){ref-type="fig"}E). In addition, the side chains of P3-I and Q151 also formed a hydrogen bond. In contrast, in pCtid-UAA-β2m-1-II, the hydrogen bonds between the peptide and the PBG were identical to those found in pCtid-UAA-β2m-1-I ([Figure 5](#fig5){ref-type="fig"}F).

Ctid-β2m-2 Has Conserved Amino Acid Motifs Involved in the Interaction with Ctid-UAA {#sec2.6}
------------------------------------------------------------------------------------

The β2m is a crucial subunit of the pMHC-I complex, and its main function is to participate in the pMHC-I interaction and maintain structural stability. Therefore, we presumed that amino acids involved in the interaction with MHC-I should be retained during evolution and may be present in the two types of Ctid-β2ms. Based on the resolved representative pMHC-I complexes of different species, the amino acids of β2m that can interact with MHC-I are shown ([Figure 6](#fig6){ref-type="fig"}). Eight conserved amino acid motifs (Q8, Y10, S11, R12, H31, D53, W60, and D97/98) were identified, which are widely present in mammals and birds. In birds, D98 is replaced by an E, but the charge of the two residues is identical. However, Ctid-β2m-2 retained this conserved amino acid motifs, compared with Ctid-β2m-1 ([Figure 6](#fig6){ref-type="fig"}A). In Ctid-β2m-1, R12 is mutated to an H and D96 is mutated to an N, whereas H31 does not participate in the interaction with Ctid-UAA.Figure 6The Conserved Amino Acid Motifs of β2m Involved in Interaction with MHC-I Molecules in Known Different Vertebrates(A) Multiple alignments of β2m amino acid sequences derived from known MHC class I complex structures (chicken PDB codes: [4GF2](pdb:4GF2){#intref0025} and [3BEV](pdb:3BEV){#intref0030}; [duck](pdb:duck){#intref0035} PDB code: [5GJX](pdb:5GJX){#intref0040}; pig PDB code: [5H94](pdb:5H94){#intref0045}; bovine PDB code: [3QWU](pdb:3QWU){#intref0050}; horse PDB code: [4ZUS](pdb:4ZUS){#intref0055}; cat PDB code: [5XMF](pdb:5XMF){#intref0060}; dog PDB code: [5F1I](pdb:5F1I){#intref0065}; mouse PDB codes: [1ZT1](pdb:1ZT1){#intref0070} and [1ZT7](pdb:1ZT7){#intref0075}; human PDB code: [IHHI](pdb:IHHI){#intref0080}). The amino acid sites involved in interactions with the MHC class I HC are shown in blue, whereas the eight conserved amino acid motifs (Q8, Y10, S11, R12, H31, D53, W60, and D97/98) are shown in red. The nonconserved amino acid sites of Ctid-β2m-1-I/II are shown in boxes.(B) The eight conserved amino acid sites (Q8, Y10, S11, R12, H31, D53, W60, and D97/98) on pCtid-UAA-β2m are shown as red spheres.

Discussion {#sec3}
==========

Existing knowledge of classical MHC-I antigen presentation is based on the existence of a single copy of β2m, that is, MHC-I forms a complex with a single β2m and a peptide to restrictively trigger CTL immunity ([@bib19]). In addition, the different peptide profiles are mainly due to the polymorphism of alleles in different MHC-I loci, which is unrelated to β2m because β2m, also known as the MHC-I light chain, has no polymorphism and functions only to stabilize pMHC-I ([@bib2]). However, two loci and alleles from one locus that display polymorphism have been discovered in bony fish. Thus, this discovery has disrupted the existing paradigm. In this article, different peptide-binding profiles originating from the products of the two different loci binding to the same MHC-I were illustrated, and the mechanism was elucidated by crystal structures of pMHC-I complexes.

As a result, a new paradigm has been established, which is well supported and has potential clinical value, for as various vertebrates have evolved, sharks ([@bib37]), amphibians ([@bib33]), reptiles ([@bib30]), birds ([@bib32]) and mammals ([@bib24]) have retained only a single β2m locus, and the second β2m locus has been discovered only in bony fish. To verify that the second β2m locus is widespread among bony fish, we searched known genomic accessions of other bony fishes using known β2m sequences as queries and found that the majority of ray-finned fishes (e.g., common carp, large yellow croaker, channel catfish, and Japanese medaka) have the second β2m locus. It is generally thought that bony fishes underwent an additional WGD event, the bony fish-specific genome duplication ([@bib46]; [@bib47]). Notably, a single copy of the β2m locus was found in the spotted gar; however, the gar diverged from bony fish before the occurrence of the TGD, suggesting that the second type of β2m in bony fish might be derived from the TGD ([@bib42]). Although the two *Ctid*-β2m loci have been found in the grass carp, it is hard to say which may be an ortholog of tetrapod β2ms. Given the teleost own genome duplications, the two Ctid-β2m genes probably diverged during the cyprinid genome duplication, well after the bony fish and tetrapod split, so they may be both equal orthologs.

The β2m is an essential component of the MHC class I antigen presentation pathway, and its main function is to participate in the pMHC-I interaction and maintain structural stability. Thus, a reasonable guess is that the amino acid sequences of β2ms involved in interactions with MHC-I molecule would have been conserved throughout the coevolutionary path and that these amino acids should be present in the two types of Ctid-β2ms. Based on the solved pMHC-I structures from the grass carp and other species, the eight conserved amino acid motifs (Q8, Y10, S11, R12, H31, D53, W60, and D97/98) of β2m involved in the interaction with the MHC-I molecules were found in mammalian and bird β2ms ([@bib1], [@bib20]), although there was an exception, as D98 was substituted by an E, with the same charge, in the chicken. By contrast, Ctid-β2m-2 retained this conserved motif, compared with Ctid-β2m-1-I/II. Moreover, an interesting point also was found that in human CD8αα/MHC-I complexes, the contribution of β2m to CD8αα binding is relatively small and is mediated mainly by the K58 residue, which forms a vital salt bridge with D75 in CD8αα ([@bib48]). A mutation from K58 to E58 can significantly reduce CD8αα binding and is a potent antagonist of CTL activation. In our study, two types of pCtid-UAA-β2m complexes and grass carp CD8αα homodimers were superimposed based on known HLA-A2-CD8αα complex structures ([Figure S5](#mmc1){ref-type="supplementary-material"}) ([@bib45]). From the perspective of sequence characterization, Ctid-β2m-2 is seemingly more suited than Ctid-β2m-1 to form a salt bridge with the grass carp CD8αα in the same position. Given the above, Ctid-β2m-2 seems to have more conserved features than Ctid-β2m-1. Although previous report showed that Ctid-β2m-1 has been shown to have a classical peptide presentation function through association with U-lineage MHC I in grass carp ([@bib3], [@bib4]), it may also be worth noting that, in addition to U-lineage MHC I, other MHC I lineages and nonclassical MHC I molecules are also potential partners of the two types of Ctid-β2ms. From this point of view, a more intricate antigen-presenting mechanism mediated by the dual diversity and polymorphism of MHC I molecules and β2ms may exist in grass carp and even in other bony fishes than in mammals; however, further *in vivo* biological experiments may be needed to prove these assumptions.

In known pMHC-I structures, such as those from chickens and mammals, β2ms depend mainly on the D shift stabilizing the antigen-binding grooves, and a single β2m cannot change the structure the PBG, which does not affect the conformation of bound peptide. However, analysis of the structure of the pMHC-I formed by the two types of Ctid-β2m-1/-2 produced results that are quite different from those found for mammals. Ctid-β2ms can combine with the same MHC-I in two forms, further affecting the conformation of PBGs and changing the peptide-binding profiles. Meanwhile, it can be rationally recognized that different antigen peptide profiles activate different T cell populations. The specific reason is that the amino acids on Ctid-β2m can bind to the amino acids at the bottom of the PBG, which results in a change in the F pocket and directly affects the conformation of the pocket-related region. We have found that β2ms with high homology can bind to an MHC-I across species ([@bib40]) and that the peptide in pMHC-I formed by the same β2m has slight changes in the PBG ([@bib25]). However, this study is the first time that different β2ms binding to MHC-I in bony fish species have been shown to lead to changes in the conformation of the PBG. Here, the mechanism of the alteration of the peptide-binding profiles is also clearly explained. In addition to being an important event in MHC evolution and immunity, the clinical application value of these phenomena cannot be underestimated; changing the amino acid sequence of β2m can change the peptide-binding profile, which is of great significance in antivirus and antitumor function and avoidance of immune escape in humans.

Limitation of the Study {#sec3.1}
-----------------------

In this study, based on the *in vitro* phenomenon of variant peptide profiles with the participation of two types of β2m, we have expounded the structural mechanism of β2m changing the MHC-bound peptide presentation profile. Although our results have strongly supported the above mechanism in a diploid bony fish, whether it generally applies to all bony fishes still needs to be further explored through the genomic structures and sequences analysis. Another limitation of this study was the lack of the further *in vivo* biological experiments; we were unable to assess the situation in the body. Therefore, our results should be understood as a first glimpse into the complexity of teleost MHC-mediated cellular immunity and provided a possible way to change MHC-bound peptide presentation profile via β2m molecule in bony fish.

Resource Availability {#sec3.2}
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### Data and Code Availability {#sec3.2.3}

Coordinates and structure factors have been deposited in the Protein Data Bank with accession codes 6LBE (Ctid-UAA-β2m-2) and 5H5Z (Ctid-UAA-β2m-1-II).

Methods {#sec4}
=======

All methods can be found in the accompanying [Transparent Methods supplemental file](#mmc1){ref-type="supplementary-material"}.
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All relevant data and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Chun Xia (xiachun\@cau.edu.cn). Coordinates and structure factors have been deposited in the Protein Data Bank with accession codes [6LBE](pdb:6LBE){#intref0010} (Ctid-UAA-β2m-2) and [5H5Z](pdb:5H5Z){#intref0015} (Ctid-UAA-β2m-1-II).
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